Zika virus (ZIKV) infection during pregnancy could cause a set of severe abnormalities in the fetus known as congenital Zika syndrome (CZS).
Introduction
Zika virus (ZIKV) infection during pregnancy is associated with several neurological problems in the fetus 1, 2 . Collectively, the set of abnormalities is known as congenital Zika syndrome (CZS) and could involve microcephaly, brain calcifications, ventriculomegaly, cortical malformations due to migration disorders including agyria/lissencephaly, congenital contractures, and ocular abnormalities 1, 3, 4 . In adults, the most common symptoms of ZIKV infection are fever, rash, arthralgia, conjunctivitis, and headache 5 . Although most pregnant women exposed to ZIKV give birth to healthy babies, 0.3-15% of cases develop CZS 6 . The frequency of infant deaths (miscarriages and perinatal deaths) is low (~1% of CZS), and most of them present intrauterine akinesia syndrome (arthrogryposis) 7 .
Several studies in vitro and with brain organoids and neurospheres demonstrated that ZIKV could directly infect human neural progenitor cells 8 , impairs the cortical development 9 , affects neuron migration impacting brain size 10 , and promotes brain malformation 11 . Nevertheless, the molecular basis of CZS and susceptibility genes associated with the most severe cases in human newborns remains unknown.
Systems biology approaches were successfully applied to reveal the molecular mechanisms associated with viral infection and vaccination 12, 13 . By integrating different types of omics data, systems biology provides a global overview of the network of genes, transcripts, proteins, and metabolites involved with a biological condition or perturbation 14 . When applied to human infectious diseases, it could provide critical insights into the complex interplay between pathogen and host, thereby leading to potential novel intervention strategies.
In this study, we have generated genomic, transcriptomic and proteomic data from the blood and post-mortem brain samples of eight neonates with confirmed ZIKV infection during pregnancy and with no congenital genetic diseases nor another STORCH group vertical transmission. After three-layer omics data integration, we highlighted the molecular pathways underlying neurological damage. Systems biology combined with histopathological analysis revealed that genes associated with matrix organization were dramatically downregulated in the brain of neonates with CZS, which could explain the neuronal migration disorders and microcephaly attributed to ZIKV infection.
Results

Neonates with severe CZS
From October 2015 to July 2016 we followed a group of pregnant women with symptoms of ZIKV exposition at distinct weeks of gestation and from two endemic areas in Brazil-northeast (Campina Grande, Paraiba state) and southeast (Rio de Janeiro, Rio de Janeiro state) regions. During this period, we enrolled pregnant women who were referred to public healthcare with a history of rash or fetus with central nervous system (CNS) abnormality confirmed by ultrasonography or magnetic resonance imaging, as well as postnatal physical examination suggestive of microcephaly.
We focused on eight neonates that had died in the first 48 hours postpartum with severe arthrogryposis (Figure 1a ). ZIKV genome was detected in all cases during pregnancy by RT-PCR in clinical samples from mothers and the neonates such as urine, plasma, amniotic fluid, placenta, and umbilical cord.
We also detected the virus genome through RT-PCR and in situ hybridization in fetal post-mortem tissues (Figure 1b ). Other microcephaly causes including congenital genetic diseases, infection with arboviruses that circulate in the same area (Dengue and Chikungunya) and teratogenic pathogens (STORCH) were all excluded (Table S1 ).
Five out of eight cases of CSZ showed ZIKV exposition symptoms in the first trimester of pregnancy corroborating with other reports 15, 16 that describe increasing risk of microcephaly at the beginning of gestation ( Figure 1a ).
Microcephaly was observed in the early gestation weeks through ultrasonography in all cases. However, the cephalic perimeter at birth was considered normal (higher than 32 cm) in most of the neonates due to severe ventriculomegaly/obstructive hydrocephalus. The brain usually collapsed after removal of the skull during autopsy showing tiny brains in all cases (on average 66 grams; ranging from 7 to 180 grams). A detailed neuropathological description of all cases has been previously reported 10 . including collapse due to hydrocephalus and small brains with few gyri or agyria and consistently with severe loss of CNS structures and congested leptomeninges. The numbers of Zika cases are depicted as presented in Table   S1 .
The brains with higher viral load (lower cycle threshold or CT values) exhibited the most destructive patterns of CNS structures ( Figure 1b and Table   S1 ). Macroscopic observations showed thickened and congested leptomeninges, very thin parenchyma and corpus callosum, and asymmetric ventriculomegaly ( Figure 1d ). Shallow sulci or agyria was prevalent in all cases ( Figure 1d ). The hippocampus, basal ganglia, and thalami were usually not well identified and malformed. Cerebellar hypoplasia was observed in all cases, with an irregular cortical surface and calcification foci were detected macroscopically ( Figure 1d ).
The brainstem was deformed and hypoplastic in most of the cases.
The histopathological analysis confirmed the migration disturbances represented by abnormal immature cell clusters along the white matter and over pia mater (Table S2 ). An intense immune response to cell injury was observed in all cases as demonstrated by the gliosis and inflammatory infiltrate (Tlymphocytes and histiocytes) in the meninges, cerebral hemispheres, and spinal cord (Tables S1 and S2 ). Reduction of the descending motor fibers was also observed. The histopathological analysis also displayed a loss of motor nerve cells in the spinal cord and atrophy of the skeletal muscle. These could explain the intrauterine akinesia and consequent arthrogryposis observed in all cases (Tables S1 and S2 ).
Transcriptome and Proteome analyses of CZS Brains
We utilized high-throughput sequencing and mass spectrometry technologies to assess the changes in the transcriptome and proteome of CZS brains (Z03, Z05, and Z08 in Figure 1 ) compared to the control brain (Edwards´syndrome). Differential expression analysis revealed 509 genes associated with CZS, of which 228 were up-regulated and 281 were down-regulated in ZIKV-infected neonates ( Figure S1a and Table S3 ). Among the pathways enriched with up-regulated genes, we found the "Unblocking of NMDA Receptor, Glutamate Binding, and Activation" and "Glutamate Neurotransmitter Release Cycle" ( Figure S1a and Table S3 ). These findings support our previous in vitro work showing that the blockage of the NMDA receptor prevents the neuronal death induced by ZIKV infection 17 . Among the pathways enriched with down-regulated genes, we found collagen formation, glucose metabolism, signaling by TGF-beta receptor complex, Class I MHC mediated antigen processing and presentation, and amyloid fiber formation ( Figure S1b ). These down-regulated genes indicate that ZIKV infection could affect immune-response pathways, cellular metabolism and the very formation of connective tissue in the brain. (Table S3 ). Collagen genes (COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, COL6A3, COL12A1, and COL14A1) essential for the development of the brain and the blood-brain barrier 18 are down-regulated in the CZS brains.
We subsequently investigated the protein levels in CZS brains compared to the ZIKV negative control. The proteomic analysis identified 252 and 110 proteins up-and down-regulated in CZS brain respectively ( Figure 2a and Table   S4 ). Furthermore, a set of proteins were exclusively detected either in brains with CZS (714 proteins) or in the ZIKV negative control brain (79 proteins) ( Figure 2a and Table S4 ). Similar to the transcriptomic analysis, up-regulated proteins were enriched for "glucose metabolism" and "L1CAM interactions," whereas downregulated proteins were enriched for "extracellular matrix organization" and "collagen formation" (Figure 2b and Table S4 ). Among the proteins downregulated in all three neonates with CZS compared to control, COL1A1, COL1A2, PPIB, SERPINH1, and OGN were found. While PPIB is instrumental in collagen trimerization, SERPINH1 is critical to collagen biosynthesis 19 . Additionally, the functions of OGN in the extracellular matrix are related to collagen fibrillogenesis, cell proliferation, and development, as well as osteoblast differentiation and bone development 20 . When considering the proteins that were exclusively found either in brain samples with CZS or in the ZIKV negative control brain, 99 shared up-and down-regulated genes and proteins were observed (Tables S3 and S4 ). These included genes such as LOX, PSMF1, NCAN, TNR, and NRCAM, which are associated with crosslinking of collagen and elastin, processing of class I MHC peptides, modulation of cell adhesion and migration, and neuronal cell adhesion.
We also integrated transcriptomics and proteomics at the pathway level.
Gene Set Enrichment Analysis (GSEA) was performed using the mean foldchange between CZS and control brains as ranks and the Reactome pathways as gene sets. It was observed that a higher overlap between transcriptomics and proteomics with 47 pathways significantly enriched for both layers of information ( Figure 3c ). Furthermore, down-regulated pathways were again related to extracellular matrix organization and collagen formation and point to the central role of collagen in CZS outcome.
Genetic variants associated with CZS
Whole exome sequencing analysis identified several rare variants with potential deleterious functions in five neonates (Z01, Z02, Z04, Z06, and Z07 in Figure 1 ). Combining variants that are presented in the same gene, it was found that 23 genes have at least one single nucleotide polymorphisms (SNP) in all five neonates ( Figure 4a and Table S5 ). Variants in genes associated with extracellular matrix organization (collagen genes, FBN2, FBN3, and FN1) ( Figure   4b and Table S5 ), as well as CNS development (PTPRZ1), immune system (C7, C8A, IL4R, IL7, IRF3, and TLR2), muscular contraction and arthrogryposis (PIEZO2, RYR1 and TTN), and Notch and Wnt signaling pathways (NOTCH3, NOTCH4 and VANGL1) were also found (Table S5 ). 
Integration of 3 Omics data types
The three layers of biological information were ultimately integrated into a network containing the gene variants and the RNAs and proteins differentially expressed in CZS cases ( Figure 5 ). Only three genes appeared associated with CZS in all the layers-COL1A1, COL12A1, and PTPRZ1 (Figure 5a ). The former two collagen genes are related to the extracellular matrix organization. The latter gene PTPRZ1 is instrumental to the differentiation of oligodendrocytes 22 and have been associated with schizophrenia 23 . In total, there were 1,628 genes associated with CZS at either the genomic, transcriptomic, or proteomic level.
Protein-protein interaction (PPI) data was used to construct a network with 341 of these genes (Figure 5b ). Network analysis revealed several modules associated with proteasome degradation, axon guidance, the FGF signaling pathway, and Parkinson's disease ( Figure 5b ). A more stringent analysis was performed considering only the 64 genes that were identified associated with CZS in at least two omics analyses ( Figure   5a ). Subsequently, these genes were integrated into a PPI network ( Figure S2 ).
Several central genes were observed-THBS1 promotes synaptogenesis 24 ; DCN regulates collagen fibrils and matrix assembly 25 , and CLU shifts blood-brain barrier amyloid-beta drainage 26 . Figure S2 . A network of highly associated CZS-related genes. More stringent criteria (at least two layers of biological information) was used to select the genes to construct the protein-protein interaction network.
Since all the analyses indicate that collagen genes are down-regulated in CZS brains, we performed a Gomori's trichrome staining for total collagen in CZS brain, as well as in a different set of Zika negative control brains. We observed a reduction of collagen fibers in the CZS brains particularly in the adventitia of the vessels compared to Zika negative controls at the same gestational age. This reduction validated our transcriptome and proteome findings (Figure 6a ). Next, the presence of COL1A1 was investigated through immunostaining directly in the brain tissues from CZS cases relative to the controls, which also showed less COL1A1 in all the CZS cases ( Figure 6b ). This corroborated the role of collagen isoforms in the neuropathogenesis associated with ZIKV infection in the brain tissues ( Figure 6b ). Trichrome is less evident than in controls, particularly in the adventitia of the vessels. (b) Immuno-histochemistry for collagen 1 also shows less collagen in CZS brains. Controls and CSZ cases are depicted as tables S1 and S3.
Discussion
Our findings indicate that collagen genes and the extracellular matrix could play a significant role in CZS. Reduced levels of fibronectin and collagen IV increase the permeability of the blood-brain barrier 27 . Once this barrier is transposed, ZIKV could reach developing neural progenitor cells and severely disrupt the neural development. However, a more direct effect on fibroblast cells in the surrounding vasculature 28 could not be discarded, and this effect could be a result of cell death or dysregulation of ECM expression or tissue deposition.
The unique description of ECM gene modulation and ZIKV were reported in monkey experimental model during CNS viral persistence. Aid et al. showed that viral loads and viral persistence were negatively correlated with ECM genes, including collagen family genes 29 . Experiments using animal models indicate that deficiency in collagen compromise vessel resistance 30 . Mutations in collagen IV and fibronectin have induced impaired basement membranes or mesoderm defects respectively 31 . Moreover, mutations on COL1A and COL4A1 caused defects in the basal membrane, resulting in a weakening of the brain vessels, arterial rupture and ischemic stroke 32, 33 . Along with collagen isoforms, the downregulation of the LOX gene that is responsible for cross-linking collagen fibers to elastin could potentialize the vascularity deficiency. This could explain the blood congestion in leptomeninges observed in all the brain samples analyzed here.
Specifically, glycine mutations affecting exon 49 of the COL1A2 gene was associated with an increased risk of intracranial bleeding 34 . Both collagen and LOX genes are stimulated in glioblastoma cells, and the suppression of this pathway by ZIKV infection could explain the decreasing of angiogenesis and anticancer effects that several authors are exploring to treat glioblastoma [35] [36] [37] with ZIKV-like particles.
Mutations in type I collagen also affect the extracellular matrix by decreasing the amount of secreted collagen(s) impairing molecular and supramolecular assembly through the secretion of mutant collagen or by inducing endoplasmic reticulum stress and the unfolded protein response 38 . Mutated COL1A1 were also associated with osteogenesis imperfecta, a generalized disorder of connective tissues that resembles the observed arthrogryposis phenotype common to all cases included in this work 39 . Mutations in COL1A1/2 genes were associated with congenital brittle bones with the development of microcephaly and cataracts, as observed in the most severe cases of CSZ 40 . A dominant mutation in COL12A1 was also related to joint laxity 41 , a phenotype often found in ZIKV-infected children 42 .
Cell-cell interaction is necessary for neuron migration through cortex layers during neurodevelopment 43 . L1CAM family of cell adhesion molecules are associated with neurite outgrowth and axon guidance 44 . In ZIKV-infected brains, NCAM1 and NFASC were up-regulated both at the RNA and protein levels. In addition, we found a rare variant in Neuronal Cell Adhesion Molecule gene (NRCAM) that could corroborate with ZIKV-infected brains phenotypes. These findings indicate that those genes/proteins could be the molecular basis for neurons migration defects already described by our group 10 and should lead to CNS structural defects and reduction of cortical region observed in CZS newborns.
Among the pathways enriched for the up-regulated genes in ZIKV-infected samples, we found genes related to glutamate neurotransmitter release cycle and unblocking of NMDA receptor, glutamate binding, and activation. Previous experimental work revealed that NMDA receptor blockage has a protective effect on ZIKV-induced cell death 17 . In addition to gene expression, it was found that the genes associated with apoptosis were also up-regulated at the protein level.
This corroborates the increased cell death proposed to neural progenitor cell pool and revealed by experimental data 45 .
Successful viral infection and disease must overcome the organism immune response. Pleiotrophin (PTN) is a cytokine that modulates inflammation in the CNS 46 . Additionally, PTN negatively regulates protein tyrosine phosphatase zeta (PTPRZ1), which binds to developmental proteins such as beta-catenin 47 . The results of this study showed that PTPRZ1 was up-regulated in ZIKV-infected brains both in the RNA and protein levels. Impressively, this gene also presented rare polymorphisms associated that raises the possibility of PTN-PTPRZ1 regulatory dysregulation and genetically driven suppression of neuroinflammation, which might result in a viral evasion mechanism. Considering the exclusive proteins (Table S3 ), another gene found in all three omics layers was NRCAM. This gene is a cell adhesion molecule that can interact with PTPRZ1 48 .
We also observed rare mutations in genes related to the immune system, including IRF3 and IL4R. IRF3 plays a critical role in the innate immune response against DNA and RNA viruses, driving the transcription of type-I IFN genes 49 .
Additionally, a mutation in the IRF3 gene was associated with increased susceptibility to HSV-1 infection in the CNS in humans 50 . SNPs in the interleukin-4 receptor (IL4R) were also associated with increased susceptibility to dengue 51 .
Our findings indicate that mutations in those genes could also confer increased susceptibility to ZIKV infection and CZS.
Altogether, this work is the first to investigate the molecular basis of ZIKV infection after vertical transmission using post-mortem brain samples. Despite the small sample size, these brain samples are unique considering the decrease in CZS cases worldwide. Our systems biology approach allowed us to unveil the different layers of biological information associated with CZS.
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Supplementary Material and methods
Patients and neuroimaging studies
Fifty milligrams of frozen organs such as cerebral cortex, heart, skin, spleen, thymus, liver, kidneys, lung, and placenta were disrupted using Tissuerupter ® (QIAgen, Hilden, Germany) using 325 μl of RTL buffer from RNEasy Plus Mini Kit 
Collagen staining/Immunohistochemistry
For total collagen visualization, paraffin-embedded sections from formalin fixed fragments of post-mortem brains were stained with the Gomori's Trichrome reagent.
From the leptomeninges, choroid plexus of ZIKV cases and controls immuno-histochemical reactions were performed, using the following monoclonal antibody (Sigma) and dilution: anti-collagen type 1, clone col-1, 1,1000. Briefly, 5
μm thick tissue sections were incubated in an oven at 37 °C for six hours, deparaffinized in xylene and rehydrated by placing in decreasing concentrations of alcohol and washed in distilled water. To enhance antigen retrieval, the tissue sections were pretreated in a pressure cooker for 15 minutes in the solution 1/20
Declare (pH 6) / 1/100 Trilogy (pH9) in distilled water. To block endogenous peroxidase activity, they were exposed to hydrogen peroxide, washed with distilled water and rinsed in phosphate buffered saline (PBS) to stop enzymatic digestion, then incubated with the primary antibody overnight at 4°C, rinsed in PBS for 5 minutes and incubated with Polymer Hi-Def (horseradish peroxidase system) for 10 minutes at room temperature preceded by several washes in PBS.
The peroxidase reaction was visualized with DAB substrate, rinsed in running water; the sections were then counterstained with Meyer's hematoxylin for 1 minute, washed in running tap water for 3 minutes, dehydrated in alcohol, cleared in xylene and mounted in a resinous medium.
Library preparation and RNA-sequencing
Brain samples were frozen in RNALater (Ambion®) and stored at -80 ° C until extraction. The tissue was broken and homogenized by TissueRupter® (QIAGEN) and RNA extraction was performed with the RNAeasy Plus Mini® kit (QIAGEN), following the protocol suggested by the manufacturer. 
Whole Exome Sequencing analysis
The quality of the exome libraries was evaluated using the FASTQC tool Assessor and SIFT for variants prioritization 20 . All variants of interest were manually inspected with IGV tool 21 .
Protein extraction
Approximately thirty milligrams of brain tissue was homogenized with 1. 
Nano-LC MS 2 analysis
Each sample was analyzed four times (4 technical replicates) in an EASY 
Proteomics analysis
For database search, raw data were processed using Proteome we used the node Percolator present in the PD2.1 using maximum parsimony. A cutoff score was established to accept a false-discovery rate (FDR) of 1% at the protein and peptide level, and proteins were grouped in master proteins using the maximum parsimony principle.
Quantification used the workflow node Precursor Ions Area Detector in PD2.1. The peak area estimated by the Extracted Ion Chromatogram (XIC) for the three most abundant distinct peptides of each protein were averaged and used for relative quantification. Statistical analysis was carried out on Perseus version 1.6.0.7. 23 . Data was converted to log2 scale and normalized by subtracting the converted protein area value (XIC) by the median of the sample distribution. Only proteins with peak area averages present in at least three runs were used for quantitative evaluation.
We used the limma R package 24 to identify the proteins that were up-or down-regulated in CZS brains compared to the control brain. A cutoff Adjusted P-value < 0.1 was used. Proteins detected in at least 2 CZS samples and not detected in the control were considered exclusively expressed in CZS. Proteins detected in the control and not detected in any of the CZS samples were considered exclusively expressed in control. Functional enrichment analysis was performed using the Reactome pathways (https://reactome.org/) and the EnrichR tool 7 for Over Representation Analysis.
Network analysis
Protein-protein interaction (PPI) networks and the miRNA-gene network were generated using the NetworkAnalyst tool 25 . Protein-protein interactions (edges) were retrieved from STRING interactome with confidence score 900. The miRNA-gene interaction data were collected from TarBase and miRTarBase (validated interactions). We used the Minimum Network tool to include the seed genes/proteins (i.e. DEGs or DEPs) as well as the essential non-seed genes/proteins that keep the network connection. Cytoscape program 26 was also used to visualize the networks.
